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Appendix  A. 

1.  SCOPE.  This  TOP  describes  methods  for  evaluating  vehicle  test  course 
severity  by  committee  assessment  using  accelerometers  and  by  spectral  analysis  of 
course  irregularities.  Describes  use  of  profilometer  and  conversion  of 
profilometer  data  to  power  spectral  density  (PSD)  curves.  Includes  power 
spectral  densities  of  vehicle  endurance  test  courses  at  APG.  Characteristic  cur¬ 
ves  of  APG  endurance  test  courses,  which  were  developed  using  the  PSD  method  of 
measurement  provide  a  quantitative  measure  of  course  condition  for  assessing  aud 
comparing  course  severity. 

There  are  about  65  km  (40  mi)  of  unimproved  and  secondary  road  test  courses  at 
APG,  on  which  automotive  equipment  is  tested  for  endurance.  Consistent  course 
severity  is  essential  to  properly  evaluate  and  compare  reliability  and  durability 
data  obtained  years  apart.  Test  course  severity  may  change  weekly  or  hourly, 
depending  on  weather  conditions  and  traffic  density.  Each  course  has  its  own 
peculiarities.  One  test  course  portion  may  become  more  severe  with  traffic  and 
less  severe  during  poor  weather  conditions;  another  may  degrade  under  both  condi¬ 
tions;  while  still  another  may  not  bo  affected  at  all.  All  road  surfaces  there¬ 
fore  require  continual  inspection  and  maintenance. 

*This  TOP  supersedes  TOP  1-1-010  dated  12  April  1976. 

Approved  for  public  release;  distribution  unlimited. 
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2.  facilities,  amp  ,  imamiAiiM . 

2.1  Facilities. 


ITEM 

High  speed  paved  road 
Improved  gravel  road 
Secondary  road 

Perryman  cross-country  course  No.  1 
Perryman  cross-country  course  No.  2 
Perryman  cross-country  course  No.  3 
Churchvilie  area  courses 
Belgian  block  course 

2.2  Instrumentatioi  . 

DEVICE  FOR  MEASE RING : 

Profile  ( prof ilometer  system  -  see 
pa-a  4.2) 
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J .  MONITORING  TEST  COURSE  SEVERITY  BY  COMMITTEE  INSPECTION.  For  many  years, 
cest  course  severity  has  monitored  by  a  special  committee  which  judges  conditions 
by  riding  over  the  courses  in  an  M151  truck.  The  driver  has  attached  to  his/her 
chest  an  accelerometer  which  records  how  many  times  acceleration  imparted  to 
his/her  torso  exceeds  0.5,  1.0,  and  2.0  g's. 


Committee  members  are  selected  from  experienced  test  directors  or  supervisors  who 
are  familiar  with  the  test  courses,  their  purposes  and  desired  characteristics. 
Each  committee  member  logs  a  rating  of  excessively  severe,  acceptable,  or  insuf¬ 
ficiently  severe  for  each  definable  section  of  a  test  course,  along  with  his/her 
personal  judgment  of  the  cause  of  any  changes  that  have  occurred  since  the 
previous  inspection. 


Test  course  inspections  are  conducted  by  the  committee  on  a  monthly  basis.  More 
frequent  inspections  may  be  required,  however,  to  correct  the  effects  of  climatic 
conditions  and  test  usage.  To  obtain  comparable  data,  the  same  committee  in¬ 
spects  each  course  as  in  previous  inspections  using  the  same  vehicle,  if  pos¬ 
sible.  The  vehicle  is  maintained  in  the  same  condition  as  in  previous  inspec¬ 
tions  with  particular  attention  given  to  its  suspension  system,  shock  absorbers, 
and  tire  inflation  pressures.  For  a  given  course,  the  same  driver  is  used  for 
each  inspection,  if  possible.  If  another  driver  must  be  used,  he/she  should  have 
the  same  build,  driving  expertise,  etc.,  is  the  regular  driver. 

For  a  given  course,  a  vehicle  with  a  different  wheelbase  will  behave  differently 
and  will  produce  a  different  measurement.  Vehicle  speeds  and  accelerometer  count 
control  limits  for  each  course  are  shown  in  Table  1.  The  time  to  traverse  each 
course  and  length  of  each  course  are  recorded  for  use  in  computing  the  average 
course  sgeed,  These  data  are  plotted  on  the  test  course  quality  control  chart 
(fig,  1)  to  identify  course  severity  with  respect  to  established  upper  and  lower 
control  limits  for  each  g-range  count  and  previous  inspections.  In  addition  to 

♦Superscript  numbers  correspond  to  reference  numbers  in  Appendix  A. 
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Che  number  of  counts  for  each  g  range,  the  percentage  of  the  total  g-count 
distribution  for  each  g  range  is  shown.  The  quality  control  charts  are  used  in 
conjunction  with  the  committee's  assessment  of  course  conditions  to  determine  the 
cause  of  significant  changes  in  course  severity  and  maintenance  necessary  to 
bring  the  severity  level  to  within  its  control  limits.  In  some  cases,  it  may 
only  be  necessary  to  deepen  or  fill  in  certain  potholes/ruts;  in  other  cases, 
complete  regrading  may  be  required. 

TABLE  1.  TEST  COURSE  INSPECTION  LIMITS 
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Figure  1.  Typical  test  course  quality  control  chart. 
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4.  DETERMINING  TEST  COURSE  SEVERITY  BY  MEASURING  COURSE  PROFILE.  Test  course 
severity  can  be  determined  quantitatively  by  analyzing  the  PSD  of  the  course 
profile.  A  road  course  profile  can  be  represented  by  a  nonperiodic  wave  com¬ 
posed  of  all  harmonics  of  a  fundamental  frequency  infinitesimally  close  to  zero. 
The  spectral  density  of  such  a  wave  is  proportional  to  the  square  of  the 
amplitude  of  the  function  and  is  continuous  (not  a  line  spectrum).  Similarly, 
the  energy  absorbed  by  a  vehicle  in  contact  with  the  road  is  proportional  to  the 
square  of  the  height  of  the  terrain  above  an  arbitrarily  chosen  zero  level.  The 
energy  or  power,  expressed  as  a  function  of  frequency,  is  the  PSD  of  the  terrain 
surface  which  is  therefore  directly  related  to  the  roughness  of  the  road  and  to 
the  energy  absorbed  by  the  vehicle.  The  relative  roughness  of  any  road  can  be 
determined  by  comparing  the  PSD  of  the  road  to  the  PSD  of  known  or  standard 
roads.  This  method  is  a  direct  measurement  and  is  not  influenced  by  vehicle 
transfer  function,  speed,  or  driver  response. 

Sufficient  data  have  not  yet  been  collected  to  establish  a  standard  or  control 
limits  for  the  PSD  curves  of  the  courses  covered  in  this  TOP.  When  these  data 
become  available,  they  will  be  included. 

4.1  Course  Profile  Geometry.  A  course  profile  can  be  represented  by  cartesian 
coordinates,  with  y  depicting  course  height  and  x,  the  horizontal  distance 
traveled.  To  measure  these  parameters,  a  small  wheel  frame  is  towed  over  the 
course.  In  Figure  2,  the  symbol  $  is  approximately  equal  to  the  angle  of  in¬ 
clination  of  the  curve,  y  =  f(x).  PN0TE:  If  the  base  of  the  wheel  frame  is  small 
(approaching  0),  d  would  equal  the  actual  angle  of  inclination.  Sin  g  -  Ay/As 
~dy/ds  and  cos  g  Ax/As  RJ  dx/ds  in  which  s  is  the  distance  traveled  Slong  the 
curve.  P 


Figure  ?. .  Course  profile  geometry. 

The  desired  x,y  parameters  can  now  be  obtained  by  integrating  as  follows: 


/ 

/ 


sin  #pda  =  y  (height) 
cos  $pd3  =  x  (distance) 
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4.2  Profile-measuring  Equipment.  Test  course  profiles  are  measured  with  a 
profilometer  system  which  consists  of  a  tow  arm,  data-acquisition  subsystem,  and 
mobile  mini-computer-based  data  analysis  system.  The  profilometer  tow  arm  (see 
fig.  3)  obtains  the  slope  of  the  test  course  and  distance  the  wheel  frame  traver¬ 
ses  the  test  course.  The  data  are  processed  and  stored  by  the  microprocessor- 
based  data-acquisition  subsystem.  Analog  data  are  conditioned,  filtered,  and 
digitized.  The  microprocessor  transforms  digitized  data  points  into  instan¬ 
taneous  slope  data  and  stores  the  solutions  in  bubble  memory.  These  data  are 
then  transferred  to  the  data  analysis  system  for  processing.  This  system 
produces  PSD,  amplitude  distribution,  and  x-y  coordinate  plots  of  the  terrain 
profile.  Because  the  data  are  computer-based,  a  wide  variety  of  analyses  can  be 
readily  obtained. 


A  two-axis,  vertical  gyro  with  a  potentiometer  on  the  pitch  axis  is  used  to  indi¬ 
cate  the  pitch  angle  (<0  of  the  tow  arm.  The  angle  of  the  wheel  frame  relative 
to  the  tow  arm  (/3)  is  indicated  by  a  relative  angle  potentiometer.  These  angles 
added  together  form  the  angle  of  the  terrain  relative  to  the  horizontal  («  +0  = 
d  ).  Horizontal  orientation  is  indicated  by  0  volts;  positive  angles  are  indi¬ 
cated  by  positive  voltages,  and  negative  angles  by  negative  voltages. 
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Four  magnets  mounted  on  the  rear  wheel  and  a  pickup  coil  mounted  on  the  wheel 
frame  are  used  to  measure  distance.  As  each  magnet  passes  the  coil,  a  pulse  is 
induced,  thus  providing  data  sampled  at  equal  increments  (currently  16.8  cm) 
along  the  course  surfaces.  A  block  diagram  of  the  on-board  digital  data- 
acquisition  system  is  shown  in  Figure  4. 


Figure  4.  Data-acquisit ion  system  block  diagram. 
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Figure  5  shows  the  profilometer  mounted  on  a  1 /4-ton  truck.  Ml 51  series. 
Installation  time  is  15  Jjo  30  minutes.  Modified  shock  absorbers,  pressurized  to 
about  240  kPa  (35  lb/in.  ),  are  used  to  maintain  a  continuous  contact  between  the 
wheel  and  ground.  This  inflation  gives  the  profilometer  tires  approximately  the 
same  bearing  pressure  as  the  truck  tires.  Towing  speeds  up  to  16  km/hr  (10  mph) 
can  be  attained.  The  important  factor  is  to  drive  slowly  enough  to  prevent  tne 
wheels  of  the  profilometer  from  bouncing. 


Figure  5.  Profilometer  mounted  on  a  truck. 


5.  PSP. ANALYSIS  OF  APQ  TEST  COURSES.  The  various  endurance  test  courses  at  APG 
were  measured  for  their  severity  using  the  profilometer  system.  Before  these 
measurements  were  made,  the  profilometer  system  was  calibrated  on  a  fixed  course 
with  known  characteristics.  A  single  pa3S  of  the  vehicle  along  the  center  of 
each  test  course  was  made  to  obtain  a  characteristic  PSD.  This  single  pass  is 
considered  sufficient  since  the  PSD  curves  of  several  passes  across  the  width  of 
a  course  have  shown  reproducibility  to  within  3  to  5  dB  of  each  other  (except  for 
shoulder  ruts).  The  courses  measured  and  the  resulting  PSD  curves  are  described 
in  the  following  paragraphs  in  order  of  increasing  severity.  These  curves  were 
plotted  in  terms  of  power  per  unit  spatial  frequency  versus  spatial  frequency. 
Hence,  t^ie  units  will  be  ft  /cycle  per  ft  B  ft  for  the  ordinate  and  cycles  per 
ft  =  ft  for  the  abscissa.  These  PSD's  are  general  characterizations  of  the 
severity  of  each  test  course.  Their  actual  severity  at  any  given  time  varies  as 
influenced  by  the  environment,  test  course  maintenance,  and  usage.  The  area  un¬ 
der  a  PSD  curve  is  related  to  the  overall  roughness  of  a  profile.  The  slope  of 
the  PSD  curve  indicates  the  nature  of  the  roughness.  A  steep  slope  indicates 
proportionately  more  low  frequency  content  which  should  affect  universal  joints, 
transmissions,  and  other  drive  train  components.  A  shallow  slope,  conversely, 
indicates  proportionately  more  high  frequency  content  which  should  affect  wheel 
bearings,  shock  absorbers,  and  other  suspension  components. 
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5.1  Bigh-Spged  Paved  Road.  This  is  a  5-km  (3-mi)  straightaway  with  banked 
turnaround  loops  at  each  end  for  tests  requiring  uninterrupted  operations  such  as 
cooling  tests,  operation  at  high  speed,  etc.  The  pavement  is  continuous  asphalt 
and  the  course  is  in  the  Perryman  test  area. 

The  PSD  of  this  course  (fig.  6)  is  the  lowest  obtained.  The  small  peak  at  ap¬ 
proximately  0.11  cycle/ft  indicates  some  periodic  disturbance  with  a  period  of  3 
m  (9  ft).  This  disturbance  could  result  from  a  number  of  mended  cracks  that  oc¬ 
cur  every  3  m,  or  low  amplitude  undulation  in  the  course  with  a  period  of  3  m. 
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Figure  6. 


PSD  of  high  speed  paved  road. 
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5.2  Improved  Gravel  Road.  This  road  is  in  the  Munson  test  area  (see  TOP 
1-1-011)  is  a  loop  of  about  3  km  (2  mi)  with  left  and  right  curves.  The  surface 
is  compacted  gravel  and  dirt,  maintained  by  grading. 

The  PSD  of  this  course  (fig.  7)  is  higher  than  that  of  the  high  speed  paved  road, 
indicating  higher  overall  roughness.  The  slope  of  the  gravel  road  PSD  io  also 
more  shallow,  indicating  proportionately  more  high  frequency  content. 


.  i  .55  .>•  . 


Figure  7.  PSD  of  improved  gravel  road. 
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5.3  Secondary  Road.  A  3.8-km  (2.4-mi)  secondary  road  in  the  Perryman  area  is 
used  for  tests  of  various  types  of  vehicles.  This  road  has  sharp  and  sweeping 
turns  typical  of  unimproved  country  roads.  The  course  is  maintained  by  grading 
and  filling  with  bank  gravel  and  crushed  stones  as  necessary. 

The  PSD  of  this  course  (fig.  8)  is  higher  than  that  of  the  gravel  road,  indicat¬ 
ing  more  overall  roughness.  The  slopes  of  both  curves  are  the  same,  indicating 
the  same  proportion  of  frequency  content.  In  the  area  between  0.12  and  0.35 
cycle/ft,  a  deviation  from  the  straight  line  fit  occurs. 


Figure  8.  PSD  of  secondary  road. 
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5.4  Perryman  Cross-country  Course  No.  1.  This  i3  a  moderate  course  with  a 
substantial  roadbed  primarily  of  quarry  spall  and  bank  gravel.  The  loop  indi¬ 
cates  both  sharp  sweeping  curves,  and  the  surface  ranges  from  smooth  to  rough; 


roughness  is  due  to  potholes,  washboard,  and  rutting.  Potholes  and  other  sharp 


depressions  are  normally  limited  to  15  cm  (6  in.)  deep  by  filling  with  crushed 
stone.  During  wet  weather,  the  course  as  a  whole  is  characterised  by  light  mud 


which  affects  wheeled  vehicles,  mainly  by  splash. 


The  PSD  of  this  course  is  shown  in  Figure  9.  This  curve  has  the  same  slope  as 
secondary  road  A  and  a  similar  bulge  in  the  area  between  0.15  and  0.3  cycle/ft. 
The  PSD  of  this  course  is  slightly  higher  than  that  of  secondary  road  A. 


r?E-i.t!:cr  in"1) 

Figure  9.  PSD  of  Perryman  cross-country  course  No.  1. 
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5.5  Ferryman  Cross-countrv  Course  No.  2.  This  course  is  laid  out  in  a  loop  of 
moderately  irregular  terrain.  The  native  soil  includes  sassafras  loam,  a  silty 
loam  with  17. 3Z  clay  content,  and  sassafras  silt  loam  with  less  than  15%  clay. 
Surfaces  range  from  smooth  to  rough,  and  there  are  sweeping  turns.  Under  wet 
conditions,  severe  mud  is  present;  when  dry,  the  course  is  extremely  dusty. 
Potholes  and  depressions  are  limited  to  46  cm  (18  in.)  deep. 

The  PSD  of  this  course  (see  fig.  10)  is  higher  than  that  of  course  No.  1.  The 
slope  is  steeper  than  that  of  course  No.  1.  This  indicates  that  course  No.  2  has 
more  overall  roughness  and  proportionately  more  low  frequency  content  than  course 
No.  1.  There  is  very  little  deviation  from  the  straight  line  trend. 


.»?**> 


Figure  10.  PSD  of  Perryman  cross-country  course  No.  2. 
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5.6  Perryman  Cross-countrv  .Course  No.  3.  This  is  a  rough  course  of  native  soil 
similar  to  the  soil  of  course  Mo.  2.  Mud  ranges  from  light  (with  free  water)  to 
cohesive.  Although  dust  is  severe  when  the  course  is  dry,  there  is  always  mud  in 
some  areas.  Much  of  the  course  is  rough  due  to  many  years  of  test  operations  of 
tracked  vehicles.  Potholes  and  depressions  are  limited  to  90  cm  (36  in.)  deep. 

The  PSD  of  course  No.  3,  3hovn  in  Figure  11,  is  higher  than  any  other  and  has  the 
steepest  slope  encountered.  The  PSD  also  indicates  that  course  No.  3  has  propor¬ 
tionately  more  low  frequency  content  and  overall  roughness  than  course  No.  2. 


Figure  11.  PSD  of  Perryman  Cross-country  course  No.  3. 
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5.7  Churchville  Area  Courses.  These  courses  are  characterized  by  a  series  of 
steep  hills  with  slopes  up  to  30%.  The  range  of  the  profilometer  analog 
retrieval  system  is  limited  to  +254  cm  (+100  in.)  to  afford  good  resolution  of 
microprofile.  This  range  is  considerably  less  than  the  height  of  the  hills  in 
Churchville.  Because  these  hills  are  steep  and  spaced  closely,  it  is  impossible 
to  filter  out  these  terrain  changes  without  filtering  out  low  frequency  portions 
of  the  mlcruprorile.  Although  the  total  PSD  plots  are  shown  (see  fig.  12  through 
14),  only  the  portions  above  0.1  cycle/ft  should  be  examined. 

Figures  12  and  13  art  PSD  plots  of  Churchville  course  B  which  consists  of  grades 
up  to  27%.  The  terrain  is  moderate  to  rough  native  soil  and  stone  ranging  from 
muddy  to  dusty,  depending  on  the  weather.  The  first  half  of  course  B  is  sig¬ 
nificantly  more  severe  than  the  second  half.  The  PSD  of  the  first  half  is  about 
the  same  as  that  of  Perryman  cross-country  course  No.  2  above  the  cutoff  frequen¬ 
cy  of  0.1  cycle/ft.  The  PSD  of  the  second  half  of  course  B  falls  between  that  of 
secondary  rood  A  and  the  improved  gravel  road. 


‘•5U 


i 


Figure  12. 


PSD  of  Churchville  course  B, 


fi^st  half. 
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Figure  14  is  a  PSD  plot  of  Churchville  course  C  which  is  a  2.4-km  (1-1 /2-mi) 
secondary  road  test  course  with  controlling  grades  of  10%  and  turnarounds  at  each 
end.  This  PSD  is  about  the  same  as  that  of  the  improved  gravel  road  above  the 
cutoff  frequency  of  0.1  cycle/ft. 


war.tr  t'7-i i 

Figure  14.  PSD  of  Churchville  course  C. 
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5.8  Belgian  Block  Course.  This  is  a  paved  course  with  unevenly  laid  granite 
blocks  forming  an  undulating  surface.  It  duplicates  a  Tough  cobblestone  road 
such  as  is  found  in  many  parts  of  the  world.  About  1.2  km  (3/4  mi)  long,  the 
course  is  useful  as  a  standard  rough  road  for  accelerated  tests  of  wheeled 
vehicles.  It  is  generally  included  in  cycles  of  courses  used  for  vibration 
studies.  The  motion  imparted  to  a  vehicle  is  a  random  combination  of  roll  and 
pitch  and  high  frequency  vibrations. 

The  PSD  of  the  Belgian  block  course,  shown  in  Figure  15,  has  the  most  shallow 
slope  of  all  the  courses  examined.  This  indicates  that  a  large  proportion  of  the 
energy  is  high  frequency.  The  peak  at  0.1  cycle/ft  indicates  periodic  undulation 
at  this  frequency. 


Figure  15.  PSD  of  the  Belgian  block  course. 
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Recommended  changes  of  this  publication  should  be  forwarded 
to  Commander,  U.S.  Army  Test  and  Evaluation  Command,  ATTN: 
AMSTE-TC-M,  Aberdeen  Proving  Ground,  MD  21005-5055.  Tech¬ 
nical  information  can  be  obtained  from  the  preparing 
activity:  Commander,  U.S.  Army  Combat  Systems  Test  Activity 
ATTN:  STECS-AD,  Aberdeen  Proving  Ground,  KD  21005-5059. 
Additional  copies  are  available  from  the  Defend  Technical 
Information  Center,  Cameron  Station,  Alexandria,  VA 
22304-6145.  This  document  is  identified  by  the  accession 
number  (AD  No.)  printed  on  the  first  page. _ 
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